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Abstract

The CARMA-NTG protocol is presentedand analyzed.
CARMA-NTG dynamically divides the channelinto cycles of
variablelength; eachcycle consistsof a contentionperiod and
agroup-transmissioperiod. During the contentiorperiod,a sta-
tion with one or more packetso sendcompetedor the right to
be addedto the group of stationsallowed to transmitdatawith-
out collisions; this is doneusinga collision resolutionsplitting
algorithm basedon a request-to-send/cle#n-send(RTS/CTS)
messagexchangewith non-persistentarriersensing CARMA-
NTG ensureghatonestationis addedto the grouptransmission
periodif oneor morestationssendrequestgo be addedin the
previous contentionperiod. The group-transmissioperiodis a
variable-lengthrain of packetswhich aretransmittedy stations
thathave beenaddedto the groupby successfull}completingan
RTS/CTSmessagexchangen previous contentionperiods. As
long asa stationmaintainsits positionin the group,it is ableto
transmitdatapacketswithout collision. An upperboundis de-
rived for the averagecostsof obtainingthe first successn the
splitting algorithm. This boundis thenappliedto the computa-
tion of the averagechannelutilization in a fully connectechet-
work with a large numberof stations.Theseresultsindicatethat
collisionresolutionis a powerful mechanisnin combinationwith
floor acquisitionandgroupallocationmultiple access.

1 Introduction

Several mediumaccesscontrol (MAC) protocolshave been
proposedover the pastfew yearsthat are basedon three- or
four-way handshak proceduresneantto reducethe numberof
collisions amongdatapackets therebyproviding betterperfor
mancethanthe basicALOHA or CSMA protocols[1], [2], [3],
[4], [B], [7], [11], and [14]. The conceptof Group Alloca-
tion Multiple Acces{GAMA) wasfirst introducedby Muir and
Garcia-Luna-Acees[12] to provide performanceguaranteei
asynchronou$1AC protocols. A GAMA protocoldynamically
dividesthechanneinto cyclesof variablelength;eachcycle con-
sistsof acontentiorperiodanda group-transmissioperiod.Dur-
ing the contentionperiod, a stationwith a messagéo sendcom-
petesfor the right to be addedto the transmissiorgroup; this is
doneusing a request-to-send/clean-send(RTS/CTS) message
exchangewith carriersensingThegroup-transmissioperiodis a
variable-lengthrain of packetswhich aretransmittedy stations
that have beenaddedto the transmissiorgroupby successfully
competingfor it. As long asa stationmaintainsits positionin a
transmissiorgroup, it transmitspacketswithout collisions. Vari-
antsof this basicstratgy canbe designedusingdifferenttypes
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of contention-baseMAC protocolslike ALOHA or CSMA to
transmitRTS packetdnto the channel.

We haverecentlyshavn [6] thatcollisionresolutionwhenap-
plied to the RTS/CTShandshakeisedin mary MAC protocols
canimprove thethroughpubf thesysterrsubstantiallyln this pa-
perwe describeand analyzea new channelaccesgrotocolthat
combinesgroup allocationmultiple accesswith collision reso-
lution. We call the resultingprotocol Collision Avoidanceand
ResolutionMultiple Accessprotocol with non-persistentrees
and transmissiongroups (CARMA-NTG). CARMA-NTG pro-
vides dynamicresenations of the channel,togetherwith col-
lision resolutionof the resenations requestsbasedon a tree-
splittingalgorithm[8]. Like GAMA [13], CARMA-NTG buildsa
dynamically-sizeatycle thatgrows andshrinksdependingupon
traffic demand. Eachcycle consistsof a contentionperiod and
a group-transmissioperiod during which one or more stations
transmitdatapacketswithout collision. A positionin the trans-
missiongroupis allocatedo anindividual stationduringthe con-
tentionperiod,anda stationcan continueto transmitin this po-
sition aslong asit hasdatato send.Stationscompeteto acquire
theright to bein thetransmissiorgroupbasedn atree-splitting
algorithm.

CARMA-NTG is moreattractve thanpreviousdynamicreser
vationschemesor wirelessnets[8], [9], [15]-[17] in thatit does
notrequiretime synchronizatiomndin thatit doesnotrequirethe
definitionof controlframesof fixed durationover whichtheslots
for the dataframecanberesenred. It is alsomoreattractve than
tokenpassingschemeén thatnofixed schedulexistsfor passing
thetokenandno specialcaseneedgo betakenof thepossibilities
of losingthetoken(thegroupallocationprocessimply restarts).

Section2 describe €ARMA-NTG, whichuseson-persistent
carriersensingfor the transmissiorof RTSsanda tree-splitting
algorithmthat resohescollisionsby allowing a single stationto
succeedndbe addedo thetransmissiorgroup. Section3 com-
putesan upperboundon the timesassociatedavith the eventual
first successfuhllocationof a stationto the group-transmission
periodinvolved in a collision resolutiontree. The importance
of theseboundsis that they areindependenbf the numberof
stationsin the network. Section4 usesthe boundsto compute
the averagethroughputachieredby CARMA-NTG whena very
large populationof nodesis assumedAs the averagedurationof
transmissiomroupsor the persistencef thestationin thegroups
increasesSCARMA-NTG becomeén effect TDMA, giving every
stationin the transmissiorgroupa slotin eachcycle. Section5
offersour concludingremarks.
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2 CARMA-NTG

CARMA-NTG maintainsa dynamically-sizeddata interval
anda dynamically-sizeccontentioninterval basedon RTS col-
lision resolution resultingin a stablenetworkevenwhentheload
onthechanneis high.

In CARMA-NTG, eachcycle is composeaf acontentiorpe-
riod and a group-transmissiomeriod. The group-transmission
periodconsistsof oneor morestationstransmittingdatapackets
without collision. Eachstationin the transmissiorgroupis al-
lowedto transmitonedatapacketpercycle. Thenumberof trans-
missionperiodsk in a group-transmissioperiodrangesrom 0
tor, Where% is theminimumguaranteettansmissiomatein the
network.Eachstationin the networkknows the numberof mem-
bersin thetransmissiorgroup,its own positionwithin thegroup,
andthe beginning of eachgroup-transmissioperiod. Eachsta-
tion in the systemis aware of every successfuRTS/CTS ex-
change During thegroup-transmissioperiod,eachstationallo-
catedto thegrouptransmitsts packetassoonasthe packetfrom
theprevioustransmittingstationis receved. Themaximumspac-
ing betweenpacketsis twice the propagatiordelay If a packet
from the precedingstationis notrecevvedwithin this period,then
the stationis assumedo have failed andits transmissiorperiod
is removedfrom thetransmissiormgroup;anew contentiornperiod
startsafterthat.

During the contentionperiod, the stationsin the networkre-
sene a spacein the group-transmissioperiod. To understand
betterhow the contentiorprotocolworksin CARMA-NTG, con-
siderhow RTS collisionsaresolvedin GAMA [12].

GAMA requiresa stationthat wishesto sendone or more
packetgo acquirethe right to be partof the transmissiorgroup
before transmitting the data packets. Stationsfollow a non-
persistentCSMA stratgy for the transmissionof RTSs with
which they requestto be addedto the transmissiorgroup. The
sendeiof anRTSlistensto the channefor onemaximumround-
trip time plusthetime neededor the destinatiorto senda CTS.
If the CTSis not corruptedandis receved within thetime limit,
the stationis addedto the transmissiorgroup. Although each
stationtransmitsan RTS only whenit determineghatthe chan-
nelis free,during a predefinecamountof time in the contention
period,a collision with otherRTSsmay still occurdueto propa-
gationdelays.RTSsarevulnerableto collisionsfor time periods
equalto thepropagatiordelaysbetweersender®f RTSs.During
theseperiods,multiple stationsmay sensethe channelfree and
alsosendRTSs,thuscausingecollisions.

As specifiedin [13], GAMA protocolssolve collisions by
backingoff andreschedulindRTS transmissionsAs with CSMA
protocols, this procedureyields good resultsif the RTS traffic
is low; however, the probability of RTS collisionsincreasesas
therateof RTS transmissionmcreasesyith acorrespondingle-
creasef systenthroughput Eventually astheRT Stransmission
rate increasesthe constantRTS collisions causethe channelto
collapsebringingthe flow of datapacketgo a haltwhenno new
transmissiorgroupscanbe started.

CARMA-NTG usescarrier sensingfor the transmissionof
RTSsandatree-splittingalgorithmto resol\e collisionsof RTSs.
Eachstationmustknow themaximumnumberof stationsallowed
in thesystemandthemaximumpropagatiordelayin thenetwork.
For simplicity, our analysisassumeshattime is slotted,with a
slotlastingonemaximumpropagatiordelay

2.1 Contention Period Description

Duringthecontentiorperiod,a stationwith oneor morepack-
ets to send competesfor the right to be addedto the group
of stationsallowed to transmitdatawithout collisions; this is

done using a collision-resolutionsplitting algorithm basedon
a request-to-send/clean-send(RTS/CTS) exchangewith non-
persistentarrier sensing. The splitting algorithmin CARMA.-
NTG terminateghecontentiorperiodassoonasthefirst success-
ful RTS/CTSexchangdakesplace.Thecontentiorperiodallows
only onesingle stationto succeedn beingaddedto the trans-
missiongroup per cycle. In this paper we assumethat stations
areallowed to contendto be addedto the transmissiorgroupif
they have packetgo sendwithin onemaximumpropagatiordelay
from theendof agroup-transmissioperiod.

Eachstationis assigned uniqueidentifier, a stackandtwo
variable LowI D and HiI D). LowI D isinitially setto 1 and
denotesthe lowestID numberthatis allowed to sendan RTS.
HiID is thehighestiD numberthatis allowedto sendan RTS.
Togetherthey constitutethe allowable ID-numberintenal that
cansendRTSs.If thelD of the stationis notwithin this intenal
orthestationhasalreadybeenassignedo thetransmissiomroup,
it cannotsendits RTS. As we describesubsequentlythe stackis
simply a storagemechanisnfor ID-intervals thatarewaiting for
permissionto sendan RTS. Basedon thesevariables,a station
canbein oneof thefollowing five states:

PASSIVE the stationhasno local packetspendingandhas
notdetectedhe startof a transmissiomperiod

BACKOFF the stationhaslocal packetspendingand could
notbeaddedo thetransmissiorgroup

REMOTE the stationhasno local packetsand knows that
thereis atransmissiorgroup

RTS the stationis trying to acquirea positionin the
transmissiomgroup

XMIT thestationis partof thetransmissiorgroup

Whena PASSIVE stationobtainsone or multiple packetsto
send,it first listensto the channel. If the channelis clear (i.e.,
no carrieris detected)the stationentersghe RTS stateby sending
anRTS. The sendethenwaits andlistensto the channefor one
maximumround-triptime plusthetime neededor thedestination
to senda CTS. Whenthe originatorrecevesthe CTS from the
destinationjt is addedto the transmissiorgroupandentersthe
XMIT state which startsfollowing the CTS.

On the otherhand,if a PASSIVE stationobtainspacketsto
sendbut detectscarrier it entere¢he BACKOFFstate. Thestation
thencomputesa randombackof time and attemptsto enterthe
transmissiomgroupafterthattime.

If the CTS is corrupted or is not receved within the
time limit, the senderof the RTS, as well as all other sta-
tions in the system,know that a collision has occurred. As
soon as the first collision takes place, every station divides
the ID-interval (LowID, Hil D) into two ID-intervals. The
first ID-interval, which we will call the backof intenal, is
(LowlI D, [ H#P=Lowldt17) ‘while the second D-interval, the
allowedintenal, is ([ £L2=Lowld+1] 4 1 Ffi] D). Eachstation
in the systemupdateghe stackby executinga PUSHstackcom-
mand,wherethe key beingpusheds the backof intenal. After
thisis done thestationupdated.ow! D andH I D with theval-
uesfrom the allowed interval. This procedurds repeatedeach
time acollisionis detected.

If astationisin REMOT E stateandobtainsoneor morepack-
etsto send,it senseghe channelfor one maximumround-trip
delay which is the largestgap betweerdatapacketsn a group-
transmissiorperiod. If the stationdetectsno carrier it sendsits
RTS; otherwisejt goesto the BACKOFFstate.



Only thosestationsin the RTS stateat the time the collision
occurreccanpersistrying to beaddedo thetransmissiorgroup.
The persistenceontinuesuntil onestationis addedto thetrans-
missiongroup. Thestationgn thetransmissiomroupdonotsend
anRTSuntil they leavethegroup.All otherstationamustattempt
to join thetransmissiomgroupafterarandombackof delay

All stationdn theallowed|D-interval thatarein the RTS state
try to re-transmianRTS. If noneof the stationswithin thisinter
val requesthe channelthechannelill beidle for atime period
equalto amaximumchannebtelay(). At thispoint,anupdateof
thestackandthevariablesLow! D andH:I D is made.Eachsta-
tion executesa POPcommandn the stack.This new ID-interval
now becomeshenew H:I D and LowI D. The sameprocedure
takesplaceif, during the first collision, only one stationis re-
guestingthe channel. The originatorrecevesthe CTS from the
destinationand is addedto the transmissiorgroup, after which
the senderof the RTS transitionsto the XMIT state. The total
time for a successfuhdditionto the transmissiorgroupis equal
to the durationof an RTS, a CTS, plustwo channeldelays. If
two or morestationsrequesthe channethen,a second:ollision
occurs.Thestationgn theallowed|D-interval areagainsplitinto
two new ID-intervals; the stackandthevariablesfor eachstation
are updated.The durationof this eventis equalto the collision
time plus the channeldelay The algorithmrepeatshesesteps
until onestationis addedo thetransmissiorgroup.A successful
RTS/CTSexchangendicatesheterminationof thetree-splitting
algorithmandthe beginning of the next group-transmissiope-
riod. To ensurefairnesswithin the splitting algorithm,the posi-
tion of thestationgn thetree(whichis equivalentto changinghe
ID number)canvary aftereachcontentionperiod. For example,
the ID numbersof the stationscanrotatecyclically. Eachstation
increasests ID numberby oneandthelast stationtakesthe ID
numberof the previousfirst station.

Thecollisionresolutionalgorithmis only usedduringthecon-
tentionperiodandits solepurposés to assigronenew stationto
thetransmissiomgroup.In eachstepof the contentiorperiod,one
of thefollowing threecasesanoccur:

Casel-Idle: Thereareno RTS packetdn ary of the stationsin
subtre€T’,; thereforethe channelis idle andno new mem-
beris assignedo thetransmissiorgroup.It lastsr seconds.

Case2—Success: Thereis only one RTS packetin the subtree
T,; therefore,thereis no collision and a stationacquires
thefloor andis assignedo the transmissiorgroup. It lasts
27 + 27 seconds.

Case3—Collision: Therearetwo or morestationgleaves)in the
subtre€l’, sendingan RTS; thereforea collision occurs. It
lastsy + 7 seconds.

2.2 Example

To illustratethe CARMA-NTG protocollet us useasan ex-
amplea systemwith four stations. Assumethat, attime ¢, sta-
tion n1; is the only stationassignedo the group-transmission
periodwith five datapacketsto transmitandthe last cycle has
endedand we are at the beginning of a new cycle, thatis, in
the contentionperiod. The stationscompeteto be addedto the
transmissiorgroup. At time ¢y, Case3 occurswith stationngg
andng; eachsendinganRRTS in the sameslot, while stationn o
and stationn;; do not requestto be addedto the transmission
group(seeFig. 1). Stationn;; doesnot needto sendarequest
sinceit is alreadyassignedo thetransmissiomgroupandall other
stationsknows thatit still hasfive datapacketsto transmit. Let
stationng; have threedatapacketgo sendwhile stationng has
only one datapacketto transmit. At time ¢, the first collision

) \D n10 noo
Idle Idle RTS RTS
Stack before Stack after Stack after Stack after Stack after
first collision first collision Idle second collision first success
(n0O, n01 ) (no0)
allowable interval allowable interval allowable interval allowable interval allowable interval
HIlD  LowiD HID  LowiD HID  LowiD HIlD  LowiD HID LoD
BHE HE HE BE HH

Figurel: Treestructurdfor anexamplewith n = 4 stations
andm = 2 stationsarerequestingo be admittedinto the
transmissiorgroup.

occursall stationsin the systemnoticethe beginning of theres-
olution algorithm,aswell asthe beginning of the contentionpe-
riod. All stationsupdatetheir stacksandtheir Low I D aswell as
their HiI D values. After v + 7 secondsave elapsedstations
noo andng: backof andwill thereforewait until the collisions
in the allowed-ID setareresoled. They bothareexcludedfrom
sendingRTSs. Stationsn;, andn;; areallowed to requesthe
channel. Sincestationsni; andnio in tree7y do not wish to
beaddedo thetransmissiorgroup,anidle contentiorperiodoc-
curs(Casel). After = secondsall stationsnoticethatthe chan-
nelis idle, which meanshattherewereno collisionsin tree7;.
All the stationsin the systemmustupdatetheir intervals andthe
stack. They executea POP-stacicommandandthe new allow-
ableintenal is (00,01); therefore,7; canproceedto solve its
RTS collisions. Both stationsnge andng: transmitan RTS con-
trol packetandCase3 occursagain.Becauseacollisionoccurred,
aftervy + 7 secondgheintenal is split, thatis, the subtre€ly is
split into two halves, Ty and ;. Stationng; is within the al-
lowableinterval while the ngo stationmustwait; its intenal is
thetop of thestack.SinceTy; hasonly onestationrequestinghe
channel,stationng; is assignedo the transmissiorgroup after
2~ + 27 secondsDuring the successfuRTS/CTSexchangeall
otherstationknow thatstationnq; hasthreepacketdosend.The
contentiorperiodendsandstationng; beginsthetransmissiorof
its datapacketimmediatelyafterit hasreadthe packettransmit-
ted by the precedinggroupmemberwhich is stationrn,;. After
26 + 27 secondsstationn; hasfour datapacketdeft while sta-
tion ng; hastwo packetslLetusassumehatnonew datapackets
arrive. In the next contentionperiod,sincestationsn;; andng;
arealreadymemberof the transmissiorgroup,stationsige and
n1o cancompeteo beaddedo thetransmissiorgroup. If ngo is
theonly stationrequestingo beaddedo thetransmissiomroup,
it is added markingthe endof thesecondcontentiorperiod. The
lengthof the group-transmissioperiodis 36 + 37 seconds At
this point, stationnge doesnot have ary more packetsto send
andis removed from the transmissiorgroup, while stationsn;
andng; remainin the transmissiorgroup. Stationn,; still has
threedatapacketgo sendwhile stationng; needsonemorerun.
Thesizeof thenext contentiorperiodis only = secondsbecause
no new RTSsrequestsaresent. The durationof the next group-
transmissiomperiodis 2§ + 27 secondsafterwhich stationng; is
removed from the transmissiorgroup. The next two contention
periodsareof sizer second®ach,while the group-transmission



periodsareof sized + = secondsFinally, stationn,, is removed
andthetransmissiorgroupis empty

3 Average Collision Resolution Costs

In this sectionwe presenupperboundgor the averagecosts
of resolvingRTS collisions. Every stationcanlistento thetrans-
missionsof ary otherstation. For the purposeof our analysis,
we assumehat (a) the channelintroducesno errors, so packet
collisionsarethe only sourceof errors,and stationsdetectsuch
collisionsperfectly (b) two or moretransmissionghatoverlapin
timein thechannemustall bere-transmitted(c) a packetpropa-
gatedo all stationdn exactly  second$10], (d) timeis slottedin
T-secondslots,and(e) no failure of stationsoccur The average
sizeof adatapacketis § secondsandRTS andCTS packetsare
of sizey secondsBoth § and~y areassumedo be multiplesof .

3.1 AverageCost Analysis

First, we presenta combinatorialcalculationof the average
collisionresolutioncostsfor asystemwith r. stationsandm RTSs
arriving during the time period r. Becausesachstationis as-
signedoneor zeroRTS atary giventime, aleaf of thebinarytree
whichcorrespond#o a stationin thesystenis assigne@n“RTS”
oran‘“idle”, dependingnwhetheror notit hasanRTSto send.

Thebinarytreeis a structuredefinedon a finite setof nodes
composef threedisjoint sets:aroot node,a binarytreecalled
a left subtree,and a binary tree called a right subtree. As we
have describedthereareonly threepossiblecasego consideirfor
theresolutionof RTS collisions: idle, successor collision. For
eachof thesecaseswe wishto find arecursve equatiorexpress-
ing its averagecost,i.e.,thenumberof subtreestartingfrom the
root that needto be visited beforethe first successfuRTS/CTS
exchange. To do so, we assignthreedistinct averagecost val-
ues:Z(n, m) for theidle case S(n, m) for thesuccessaseand
C(n, m) for the collision case. Thesethreecostsdependon the
numberof leavesn andthe numberof stationswith RTSs, m.
They representan averagenumberover all the possiblepermu-
tationsof m RTSsin n total stations. What eachof thesecosts
actuallymeansandwhatrulesapplyto eachof thethreecasesan
bestbeexplainedby meanf asimpleexample.

The numberof permutationf a treewith four leaves(n =
4), giventwo out of the four stationsare requestinghe channel
simultaneouslym = 2), is six. In our previous example,sta-
tionsngg andng; eachsendsan RTS in thesametime slot, while
stationn;o andstationn;; remainidle. This treerepresentfust
one of the six possiblepermutations.Let us assignthe index :
to our treeand calculateZ;(4, 2), S:(4, 2) andC;(4, 2) respec-
tively. Startingwith the root node, the first thing that happens
is a collision becausawo stationsare competingfor the chan-
nel. After updatingthe stackandthe intenalsthe next stepis to
takesubtre€l . Sinceno RTSsarepresentthetotal zerocostis
Z; = 1. Following the algorithmrules,we take subtre€l, and
againa collision occurs. Thetotal collision costis ¢; = 2. The
next stepis to go to nodeng:, whichis a successfuRTS/CTS
exchange.At this point the collision resolutionalgorithmends,
sincea succesdasbeenachiered. The total successfutostis
S; = 1. Whatwe have countedis the numberof subtreeghat
have collisions(C; = 2), the numberof subtreeghatonly have
oneRTSin them(S; = 1), aswell asthenumberof subtreeshat
areidle (Z; = 1). Thesamecountingprocedureanbe repeated
for eachof the (}) = 6 permutationsf treeswith n = 4 and
m = 2. Thesix possiblecombinationcontribute equallyto the
total averagecostsC(4, 2), S(4, 2) and Z(4, 2). Theaveragefor
eachof thethreetypesof costscanbe calculatedby addingeach

individual permutatiorcostandby dividing by the total number
of permutations.

For countingpurposesa subtreethat hasno RTS stationsor
only oneRT S stationdoesnotneedto beexploredfurther Count-
ing canstopthereandaddoneunit eitherto Z orto S. It is in-
terestingto obsere that S is alwaysequalto 1. Basedon the
examplewe candeducehegenerakulesshavnin Tablel.

Rule: C(n,0)=0 Rule 4: S(n,m) =1
Rule2: C(n,1)=0 Rule5: Z(n,0)=1
Rule3: 8(n,0)=0 Rule6: Z(n,1)=20

Table1: AverageCostRulesfor splitting algorithmuntil
thefirst successs reach

3.2 AverageCoallision Cost C(n,m)

In our exampleof the binary tree with four leaves(n = 4)
andstationnge andnq; eachsendingan RTS while stationn
and stationn; remainidle, we found the collision costto be
Ci(4,2) = 2 units. This tree canbe visualizedastwo disjoint
subtreesand the parentnode. Similarly, the total collision cost
canbe expressedisthe costof theright subtree plusthe costof
the left subtreeplus one unit costfor the root of the tree. This
resultcanbe extendedo thegenerakaseyielding the following
equation:

Croottree = Cright subtree * Cleft subtree T 1 @

In additionto our example therearefive otherpossibleways
to distribute two stationswith an RTS to sendin four positions.
Table 2 shows all six casesandthe collision costC; associated
with eachof them.

nu [ 7o [[ non [[roo [CNTSZ]J
idle idle RTS

idle RTS idle RTS
idle RTS RTS idle
RTS idle idle RTS
RTS idle RTS idle
RTS RTS idle idle

PR Re
coooOoH

NR R R RN

Table2: CostTablefor all possiblepermutationdor atree
withn = 4 andm = 2.

To calculatethe averagecost, we sum eachiﬂdividual cost
anddivide this resultby six. The averagecost((4,2) canbe
expressedn thefollowing compactequation:

00,5~ 06,

c(2,i) = - @
(2) p—

3

C(4,2) =1+

() i
Therecursionsplitsthe original n = 4 treeintotwon = 2
subtreeplus the root node. This resultcanbe extendedto the
averagecollision costC(n, m). Leta = [n/2] bethe number
of leavesin theright subtreewhile 3 = n — « is the numberof

leavesin theleft subtreelf n is even,thene = 3 = %, otherwise
[ = o — 1. We needto consideithreecases.

e Casel: m < o andm < 3.

B, )0
EORe e

C(n, m) =1+ Cla,m—1)



e Case2: m < o andm > 3.

8 o B
an,m):uZWaa,m_l) @
i=0 <m)

e Case3: m > o andm > .

8 o B
Tnym) =1+ Z %aa,m—n ®

Eachcostunit for C(r, m) hasatime overheadf Ty = v+
andcontributesnegatively to theoverallthroughpubf thesystem.

Thenext averagecost,S(n, m), contritutespositively to the
overall throughputof the systemandis very simpleto calculate.
Every contentiorperiodwith oneor morestationsrequestinghe
channeis guaranteetb have onesuccessfuRTS/CTSexchange,
thereforeS(n, m) = 1. Eachsuccessostunit hasatime period
of 2v + 27. Eachtime anRTS is successfuh stationis addedo
thegroup-transmissioperiod.

3.3 AverageldleCost Z(n,m)

We now computethe averagenumberof subtreesn a tree
with n leavesandm stationsthatdo not have ary RTS to send.
Accordingto the rulesin Table 1, no matterhow big the treeor
subtreeis, if thereis only one RTS leaf (m = 1), theidle cost
will alwaysbezero.

In our exampleof the treewith four leaves(n = 4) andtwo
stationswith an RTS to send(m = 2), we canplot a costtable
with all the six permutatiorcasesasshown in Table2. We stop
countingassoonasthefirst RTS/CTSexchangehastakenplace.

To calculatethe averagecostfor our example,we sumeach
of theindividual costsanddivide this resultby six permutations.
Thereis only onecasein which Z = 1; all therestareequalto
0. Thetotal averageidle casefor this examplecanbe expressed
in thefollowing compactequation:

(2) ) :

Z(4,2) = <§) (5) Z(2,2) = — 6)
() (2) °

This resultcanbe extendedo the averageidle costfor ary n
leavesandm stationswith anRTSto send,Z(n, m). Similarto
the previous section,we have againthreedistinctcasesyielding
thefollowing equations:

e Casel: m < o andm < 3.

(1 + = (2, 2)) +

ZE(n, m) =

(O ICYEIE  ) | () I,
(2) | ] Z:: (x)

™
e Case2: m < o andm > 3.
8 @ B
Z(n, m) = Z wi(a, m — i) ®)
i=0 m)
e Case3: m > o andm > .
Z(n, m) = Z @E’#aa, m = i) ©

The parametergr and 3 arethe sameasin Egs. 3,4, and5.
Thetime periodfor eachcostunit for theidle costcaseis equal
tothechanneldelayr.

3.4 Upper Bound

Obviously, the upper bound of the average successcost

S(n, m) is equalto 1. We usemathematicalnductionto prove
the upperboundsfor the averageidle cost Z(rn, m) andfor the
averagecollision costC(n, m). Let u be defineasthe lower in-
dex andr astheupperindex of the summationsn Eqgs.3,4,5,7,
8, and9. We know thattherearethreepossiblecombinations,
determiningthe indicesof the summation.Firstif m < « and
m < 3,theny = 0 whilether = m. Intheseconcdcasem < o
and3 > m, theny = 0, while v = 3. Finally, if m is greater
thanboth« andg, bothindiceschangdo i = m —a andv = 3.
The parametern cannotbe atthe sametime > « and< 3 since
8 < a, thereforewe disrggardthis case.
Theorem 1: Forallm > 1andn > 1, Z(n,m) < L.
Proof: From Table 1, we know that Z(n,0) = 1, Z(n,1) =
0 andthat?(n, n) = 0. Letn = 2 andm = 2; therefore,
Z(2,2)=0< 1.

Now we assumehat,forall 2 < n < e andall2 < m < p,
theconditionsZ («, m) < 1 aresatisfiedwe show thatthe con-
dition holdsfor all Z(n, m). Therearethreecasego consider

Casel: m < o andm < 8: Theny = 0 whiler = m;
thereforeusingEq. 7 andsubstitutingevery Z for % we get

R0 00 200
TR T

For any binomialcoeficient, (:) = ”—T’““(kfl). Hence,

(10)

28 — ma + 2(1 — m) (mﬂ—1>
o (=)
Theprooffor Case2 (m < o andm > 3) andCase 3 (m >
«a andm > 3) canbedonetogetherstartingwith

v a B
F(n,m) = E %Em, m = i) @)

— 1
Z(n,m) < — +
2

< ay

SR

i=p

Thereforewe have

v a B
F(nom) < E %% <= as)

We concludethatfor all m > 2 andary valueof n, our as-
sumption,Z(n, m) < 1 is correctd
Theorem 2: Forall m > 1, C(n, m) < log(m) + 1.
Proof: Accordingto Egs.3 to 5 we have threepossiblecasego
prove.

Casel: m < aandm < . log(m) + 1 = log(2m),
thereforejf we substituteC(«, i) by log(21) in Eq. 3, we get

i=p

B, )0
AR T

C(n, m) < log(2)+ log(2(m—1)) < log(2m)

(14)

Theprooffor Case2 (m < o andm > 3) andCase 3 (m >
a andm > 3) canbeproventogetherstartingwith

v o B
E(n,m)=1+ZME(a,m—z) @s)
(»)

i=p



UsingthefactthatC(«, i) < log(21) yields,

v o 8
C(n, m) < log(2) + Z M log(2(m — i)) < log(2m) (16)

~ (n)

We concludethat Z(n, m) < log(m) + 1 is correctfor ary n
andall m > 1.0

4 Throughput Analysis

AlthoughCARMA-NTG doesnotrequiretime slottingto op-
erate,this sectiondoesassumeslotting to simplify the analysis.
Theanalysign this sectionusesthe sametraffic modelasfor the
slottedCARMA protocolpresentedh [6]. It isassumethatthere
is aninfinite numberof stationsforming a Poissonsourcesend-
ing RTSs(both new andretransmittedwith an aggregatemean
generatiorrateof A RTSsperunit time. Eachstationis assumed
to have at mostoneRTS to transmitat ary giventime. With this
model, the averagenumberof RTS arrivals in a time intenal 7
is A, i.e., m = A7. All datapacketshave a durationof § sec-
onds,andthetime to transmita control packetis v secondsBoth
v andd are multiplesof . The numberof packetsin a mes-
sagds arandomvariable andthe probabilitythata messagevill
completeits transmissior(in a givencycle) is givenby ¢ = %
whereN is theaveragenumberof packetsn amessageWe also
makethe sameassumptionstroducedn Section3, andassume
thatthe time to transitionbetweentransmitand receve statess
negligible. To simplify ouranalysisthemembersn thetransmis-
siongroupareorderedby thenumberof packetgin themessage)
remainingo betransmittedandrequest$o beaddedo thetrans-
missiongroupis allowed evenwhenthe groupis full. The later
assumptiomakesour analysisa pessimistidower boundon the
performancef the protocol.

For a stationto be addedto the transmissiongroup, the
RTS/CTSexchangamustbesuccessfuthe RTS mustbetheonly
onein thechanneduringits transmissionTheprobability of this
happenings

L e—AT

AT
Py = P{k = 1 arrival in aslot|somearrivalsin aslot} = — 17)
1 — e AT

The fraction of colliding RTSsis resoled with the help of the

splitting algorithm,whereonesuccessfuRTS/CTSexchangeper

contentionperiodis guaranteed EachsuccessfuRTS/CTSex-

changehasa durationof 7s = 2y + 27 secondsEachcollision

hasadurationT; = v + 7 secondswhile eachZ hasaduration
of r seconds.The upperboundson averagecollision resolution
costsareindependenof the numberof stations.The probability

P, thata stationwill beaddedto thetransmissiorgroupis equal
to 1, sinceper contentionperiod the algorithm guaranteesne

successfuRTS/CTSexchange.Eachcontentionperiodattaches
anew membeto thetransmissiorgroup.

Thestatef thegroup-transmissioperiodcanberepresented
by aMarkov chain.Fig. 2 is anexamplefor anetworkthatallows
atmosth = 4 stationsto be memberf the group-transmission
period. Transitionsfrom one stateto the other have beenade-
guatelylabeled. The statesin the Markov chain representhe
probability P, thatk membersrein thetransmissiomgroup.No-
tice that the numberof membersn the transmissiorgroup can
only increaseby one, but it candecreasdy up to k. At most,
onenew membeicanbeaddedo thetransmissiomrouppercon-
tentionperiod,but any numberof membersanbereleasedrom
the group per group-transmissioperiod. Transitionsdeparting
from andreturningto the samestatearenotshowvnin Fig. 2, since
whatcomesdnto the statels thesameaswhatgoesoutof thestate.

They representhe caseof one memberbeingacceptednto the
transmissiorgroup, while anothermemberleavesthe transmis-
siongroup.

Plane

PO*Pa*(1-9)"0

P1*Par(1-g)"L

P3*Pa*(1-0)"3

‘
P2Par(1-q)2
‘
i

P3*Pa*q"3+(1-q)"0
g

P4*qr2%(1-9)"2

P4‘q‘”3*(1-q)

P4*q"4*(1-q)~0

Figure2: Markov Chaindefiningthe transitionsfrom one
stateto the other The givenexampleis for a networkthat
allows, atthemost,4 membersn thetransmissiorgroup.

Slotted CARMA-NTG and FAMA-NTR
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Figure3: Approximatethroughputcomparisorfor slotted
CARMA-NTG with anaveragenumberof groupmembers
p = 1 andfor slottedFAMA-NTR with anaverageof one
packetin thetrain p = 1. Thecomparisoris donefor low-

speecdhetworkanda smalldatapackets.

We cangeneralizeour exampleanddefineh asthe maximum
numberf membersn thetransmissiomgroupallowedby the net-
work. If wedraw aline betweerary two consecutie statef the
Markov chain,thentheflow of thetransitionggoingin onedirec-
tion hasto beequalto theflow in the otherdirection. Therefore,

h—k—1 ki h
Py Pa(1-q)* = g Pa Py 4 E (=) "Iy, E o (1—g)? =7
i=1 j=i41 j=h—k

@s)
If we divide bothsidesby P.(1 — ¢)*, theresultis

h—k—1 ki h
. . P . .
P = E Prti E da-977 |+ P—h E a1 - gt Ik
a
=1

F=id1 j=h—k
(19)



Slotted CARMA-NTG Low-Speed Small-Packets
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Slotted CARMA-NTG Low-Speed Large-Packets
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Figure4: Approximatethroughputomparisorior slottedCARMA-NTG for low-speedetworksvhentheaveragenumber
of membersn thetransmissiorgroupp is allowedto vary. The comparisoris donefor bothlarge andsmalldatapackets.
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Slotted CARMA High-Speed Large-Packets
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Figure5: Approximatethroughputomparisorior slottedCARMA-NTG for high-speecdhetworkwhenthe averagenumber
of membersn thetransmissiorgroupp is allowedto vary. The comparisoris donefor bothlarge andsmalldatapackets.

whichisvalidfor0 < £ < h —2. AgainP, = 1.Fork =h -1
the equationchangesincethe networkcannothold morethanh
membersn thetransmissiorgroup. Thereis no stateto which to
increasafter P, hasbeenreachedin fact

h
Py, . .
Ppo1= o~ E a7 (1 - q)t 77 (0)
a
j=1

Eqgs.19and20 togethemith thefactthatthe sumof all prob-
abili'[ieszzl:0 P; = 1, form asystemwith & + 1 equationswith
the samenumberof unknavn variables. Startingwith P,_; we
canmakeeachof the equationse a function of P,. To solwe
for P, we can substituteeachof thesetermsin the equation

Z?:o P; = 1. Using P, we cangeta valuefor eachof there-
mainingprobabilities. Thus,the averagenumberof groupmem-

bersis p = Z?zl 1 P;. thereforetheaveragechannethroughput
is equalto

T
S=—— @y
Be+Bg +1
whereU is the averageutilization time of the channel,during
whichthechannels beingusedo transmitdatapacketsB. isthe
expecteddurationof thecontentiorperiod; B, is theexpectediu-
rationof the group-transmissioperiod;and7 is theaverageidle
period, i.e., the averageintenal betweentwo consecutre busy
periods.
The averageutilization U dependn the averagenumberof
membersdn thetransmissiorgroup p andincreaseshe through-
put of the system.

T =pé (22)

Theexpecteddurationof thecontentiorperiod B. depend®n
theloadof thechannel Thecontentiorperiodis notconstanbut
variesbasedon the givenload. The largerthe contentionperiod
is, the lower the throughputis. If the loadis high, the splitting



algorithmrequiresmoretime to resole the collision andhave a
successfuRTS/CTSexchange.The durationof an averagecon-
tention period equalsthe sum of the percentagef the success-
fully RTS/CTSexchangeperiodstimes their duration7Ts, plus
the percentag®f the treeperiodstimestheir duration. Thetree
periodsarecomposedf threepartseachwith a distinctcostand
duration. Accordingto the averagecostresultsand the upper
boundaryfor eachof them, the averagecontentionbusy period
canbewrittenas

T, - Py + [T_f S(log(Ar) +1) + 2 +Ts] (- P

2(v 4 T)AT - eTAT
= /T 7 - 4
1 — o—AT

[(r4+ 0080 43+ 5] (1= A7 427

1 — e— AT

(23)

Theaveragegroup-transmissioperiodis equalto theaverage
numberof groupmembergp) timesthe transmissiorperiodfor
onepacket(§ + 1); therefore,

By = p- (647 (24)

If the transmissiorgroupis empty the lengthof theidle pe-
riod is givenby thenext RTS arrival into thechannel.n contrast,
whenthe transmissiorgroupis not empty the lengthof the idle
periodis limited by thestartof thenext transmissiomeriod. If no
stationis addedo thetransmissiorgroup,theidle periodis lim-
itedto 27 secondselse,if oneor morestationsbid to beaddedo
the transmissiorgroup, the idle periodlastsr seconds Accord-
ingly, we obtain

I = Pyr

AreTAT AreTAT
+27(1 = )

1- P
1 o—nr +( o) (Tl_e—kr 1_ o—rr

Pyr ( ) Are=AT
= ————— 4+ -Py) |2r-~
1— e AT 1 — e—AT

(25)

SubstitutingEqgs.22, 23, 24, and 25 into Eqg. 21 the average
throughputcanbewritten as:

—2p8(1 — e™AT
sy 22080 -c7T) 26)
- Ae— AT 4+ B

with

(27 4+ 2372 4 2+ + 2vA7) log(A7) +
(5A72 4 29A7 4+ 117 + 64 + 2p8 + 2p7 — 2AT2 Py — 47P,)

[(=27 — 2v) log(A7) + (=117 — 6v — 2p8 — 2p7 + 27P,)]
(27)

Theaveragethroughpufor ouralgorithmcandirectlybecom-
paredwith the resultsobtainedn [5] for theslottedFAMA-NTR
protocol. Thethroughputpresentedn [5] assumeshateachsta-
tion hasat mostone datapacketto send. If we modify this as-
sumptionand allow an averagepackettrain of size pd the new
throughpufor slottedFAMA-NTR canbewritten as:

pdATe” AT

s = 28
fama o 4 p8AT + A2 — 4 — 37)e—AT 4 (47 + v) @9

The performanceomparisoris donefor bothlow speednet-
work (9600 bps)andhigh speednetwork (1 Mbps) with small
datapacketf 53 bytes(asin ATM cells)andlongerdatapack-
etsof 400 bytes. We assumehe spacingbetweenstationsto be
the sameand definethe diameterof the networkto be 16.090
Km., which is 10 miles. Assumingtheseparametersthe prop-
agationdelay of the channelis 54us. To accommodat¢he use
of IP addressefor destinationandsource the minimum size of
RTSsand CTSsis 20 bytes. We normalizeboth throughputre-
sultsby settingd = 1 anddefiningthefollowing variables

-
a = — (normalizedpropagatiordelay)
8
R .
b = — (normalizeccontrolpackets)
s
G = A - 8(offeredload,normalizecto datapacket) (29)

If we substitutehenew normalizedvariablefrom Eqg.29into
thethroughputEqgs.26 and28, we obtain

Cop(1 — o—aG
s> o ( e ) @0)
= Tale—aG y g!

with

(2a + 2a2G + 2b + 2abG) log(aG) +
(502G + 2abG + 11a + 6b + 2p + 2ap — 2a°GPy — 4aPy)

[(—2a — 2b)log(aG) + (—11a — 6b — 2p — 2ap + 2aPy)]
(31)

for the throughputof our algorithm. For the slottedversionof
FAMA-NTR, thethroughputanbewritten as:
paGe—2CG

s = 32
fama (a2G + abG + paG — 3a — b) - e— 4G 4 (4a + b) ©2

[[ NetworkSpeed [[ PackefSize || 3 [ a=F [[o=T17
9600bps 424Dits 44166.7us 0.0012 0.377
9600bps 3200bits 333333.3us 0.000162 0.050
1 Mbps 424bits 424 us 0.127 0.377
1 Mbps 3200bits 3200us 0.0168 0.050

Table3: Protocolvariablesfor low-speedietworks(9600
bps)andhigh-speedetworks(1 Mbps)with two typesof
datapackets,small (424 bits) or large (3200 bits). The
channeldelayis = = 54us, while the control packetsare
160 bits long.

In Table3, we summarizehe protocolparametersin Fig. 3
we comparethe throughputor slottedCARMA-NTG to slotted
FAMA-NTR for the casein which thereis an averageof one
packetper packettrain. The comparisoris donefor low-speed
network9600 bpsanda smalldatapackets = 53 bytes.Figs.4
and5 shawv the throughput(S) versusthe offered load (G) for
variesaveragenumberof membersgn the transmissiorgroup p
for slotted CARMA-NTG. The averagenumberof group mem-
bersp is a function of the averagenumberof packetsn a mes-
sageN andcanbe calculatedby solvingthe probabilities Py in
the Markov chain. As the averagenumberof membersin the
transmissiorgroupincreaseslueto increasen the offeredload,
the throughputof CARMA-NTG approacheshe throughputof



TDMA, this would be the caseif the stationsengagedn long-
termsessionsEventually thethroughpuiof CARMA-NTR goes
to 0 asin FAMA-NTR sincethe sizeof the contentionincreases
with more stations(to getthe RTS/CTSsuccessequiresmore
time) while the size of the transmissiorgroupis limited by the
physicalpropertieof the channel.

5 Conclusions

We havedescribedndanalyzed specificprotocol CARMA-
NTG, asanexampleof theintegrationof collisionavoidancewith
dynamictransmissiorgroupsin a wirelessnetwork. CARMA-
NTG dynamically divides the channelinto cycles of variable
length; eachcycle consistsof a contentionperiodanda group-
transmissionperiod. During the contentionperiod, a station
with one or more packetsto sendcompetedor the right to be
addedto the transmissiorgroup; this is doneusinga collision-
resolution-splittingalgorithm basedon a request-to-send/clear
to-send RTS/CTS)exchangewith carriersensing.

Our analysis shavs that CARMA-NTG provides high
throughputwhen either a small or a large numberof stations
needto accesghe channel. Allowing the maximumsize of the
transmissiomgroupto equalthenumberof stationsn the system,
CARMA-NTG becomesTDMA in effect whenall stationsneed
to transmit. CARMA-NTG is muchmore efficient than TDMA
whenthereareonly afew stationswith packetdo send.

Ourdesignandanalysigs limited to fully connectedvireless
networksusinga singlechannel.Our work continuego address
moredetailedanalysisof performancef thesetypesMAC proto-
cols[13], moresophisticatedjroupallocationstratgies,andthe
applicationof thesetype of protocolsto networkswith multiple
hopsandmultiple channels.
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